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A micron size YAG:Ce/YAG:Cr core-shell structure was designed 
and accomplished via the urea homogeneous precipitation method 
using the YAG:Ce spherical core as the introduced second phase. 
A well dispersed gel like encapsulation structure can be achieved 
before the formation of YAG:Ce/YAG:Cr core-shell particles via a 
calcination process. As prepared YAG:Ce/YAG:Cr particles can emit 
a broad range of photons from 500 to 750 nm with excitation light 
of 433 nm. A schematic illustration showing the mechanism of 
excitation—emission of the core-shell particles is presented. The 
integral spectra are composed of three parts: emission photons of 
YAG:Cr, YAG:Ce, and emission light of YAG:Cr excited by the 
emission photons of the YAG:Ce core according to the proposed 
mechanism. The method accomplished in this work can significantly 
improve the exploration of full spectrum luminescent powder 
synthesis and spectra designation. 


A phosphor is a luminescent material that can emit photons 
under high energy excitation." Among phosphor materials, 
inorganic phosphors play an important role in the mediation of 
the synthetic spectrum, displays, LED lighting, etc.*° White 
LEDs are one of the most important application fields for 
inorganic phosphors. Typically, white light can be achieved 
via two approaches: LED-based and LED-plus-phosphor-based 
approaches for white light sources implemented as di-, tri-, and 
tetrachromatic sources.° Aside from the implementation of 
mono- and di-chromatic phosphors, multi-activator doping in 
the single matrix is another solution for white light in the phosphor 
adopted approach. Considering the spatial distance among 
luminescence centers (or units), co-doping of multi-activators 
in a single matrix results in the best spectrum uniformity, while 
combination of RGB spectrum elements provides an absolutely 
isolated luminescent unit.” However, co-doping of multi-activators 
in a single matrix always has a strict limited activator concentration 
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due to luminescence quenching. Difficulties in the optimization of 
multi-activator concentration and luminescence efficiency in the 
matrix crystalline structure make it a challenging research work. 
The uniformity of blended phosphors, on the other hand, is not 
stable.° In the present work, we proposed an yttrium aluminum 
garnet (YAG) phosphor with spatially separated luminescence 
centers. The phosphor is designed with a core-shell structure 
where different luminescence centers were accommodated 
individually. The structure is constructed via a urea precipita- 
tion method with an introduced second phase. The YAG 
material is attractive as a matrix for the luminescent material 
due to its excellent chemical and physical properties.” * The 
YAG matrix has several favorable properties such as physical 
and chemical stability, and transparency over a broad spectral 
range. YAG based phosphors are the most widely investigated 
luminescent materials. At the same time, luminescent materials 
using YAG as a matrix always exhibit excellent optical properties. 
The urea precipitation method has been developed as an important 
approach for the preparation of inorganic particles with defined 
morphology and composition.’ Stable pH obtained during the 
thermal decomposition of urea in aqueous solution makes it quite 
promising for the precise composition control of ultrafine powders. 
The clear decomposition mechanism of urea provides researchers 
the possibility to analyze the evolution process of ultrafine particles 
from their initial forming period. Even though the urea precipita- 
tion method has been applied in several studies for nanoparticle 
synthesis, its application in the preparation of particles in the 
micron size region is seldom reported. In the present work, we 
implement this method to synthesise spherical YAG nanoparticles 
by assembling a layer of the Y-Al-Cr-compound on YAG:Ce 
spherical particles to form a core-shell nanostructure. The 
prepared particles then transform into YAG:Ce/YAG:Cr particles 
through a calcination process. The main idea of that route lies in 
the self-assembling of the Y-Al-Cr-compound on the surface of 
YAG:Ce based on the burst nucleation synthesis process. We first 
demonstrated this method to coat the Y-compound on Al,O3 
particles of about 50 nm to prepare a core-shell structured YAG 


precursor.””** In this work, we expand the method to micrometer 


size particle preparation. More importantly, the core shell structure 
is preserved to accommodate different luminescence centers. As 
prepared YAG:Ce/YAG:Cr particles can emit a broad range of 
photons from 500 to 750 nm. The method accomplished can 
significantly improve the exploration of full spectrum lumines- 
cent powder synthesis and spectra designation. Besides, spatially 
separated luminescence centers in the micrometer range can 
offer considerable uniformity while avoiding the mutual inter- 
action of co-doped luminescence centers in the same confined 
crystalline structure. Individual mediation on each component 
of the core-shell structure can be easily accomplished by varying 
its core-shell dimension scale and the luminescence centers’ 
concentration. 

Fig. 1 shows an image of a typical phosphor with 6 = 1:1 at 
different stages of preparation observed by a confocal laser 
scanning microscope. 6 = Reore/Dshen, Where Reore is the radius 
of the core, and Dsnen is the thickness of the shell. Fig. 1a 
exhibits the morphology of the YAG:Ce phosphor particles, the 
spherical particles with an average grain size of about 3 um 
offer cores that the Y-Al-Cr-compound attach onto. After the 
precipitation process, a well dispersed gel like encapsulation 
structure with an average grain size of about 7-8 um can be 
observed in Fig. 1b. With excitation of a 408 nm laser, the 
YAG:Ce core which locates in the center of the gel as an 
inclusion can be clearly detected (inset of Fig. 1b). A calcined 
powder with a relatively rough surface can be obtained after the 
calcination process (see Fig. 1c). Under the radiation of an 
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Fig. 1 Microstructure image of phosphor at different preparation stages, 
(a) YAG:Ce phosphor, (b) Y-Al-Cr-compound coated on the YAG:Ce core, 
inset: single particle microstructure, (c) Y-Al-Cr/YAG:Ce structure after 
calcination, (d) luminescence image of Y-Al-Cr/YAG:Ce structured pow- 
der, (e and f) cracked Y-Al-Cr/YAG:Ce structured powder. 
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Fig. 2 X-Ray diffraction patterns of phosphors at different preparation 
stages, (a) YAG:Ce phosphor, (b) Y-Al-Cr-compound coated on the 
YAG:Ce core, (c) Y-Al-Cr/YAG:Ce structure after calcination. 


excitation laser, different luminescence behaviors of the calcined 
powder at different positions are observed. The central part of the 
powder exhibits a near yellow color, while the marginal part emits a 
near red color. Overall the particles show an integral color of yellow 
and red (see Fig. 1d). That phenomenon can be observed more 
clearly in cracked particles obtained using ball milling. The YAG:Ce 
core remains intact in the as prepared particles so that the core 
shell structure was preserved (see Fig. 1e and f). 

Fig. 2 shows the X-Ray diffraction patterns of a typical 
phosphor with 6 = 1:1 at different preparation stages. It can 
be seen from the figure that the primary YAG:Ce phosphor is 
composed of particles with extremely good crystallinity (see 
Fig. 2a). All diffraction peaks can be indexed as the standard 
diffraction peaks of the YAG crystalline structure. After the 
coating process, the Y-Al-Cr-compound was precipitated onto 
the surface of the YAG:Ce core as a precursor,” thus the 
diffraction intensity of the encapsulation particles is signifi- 
cantly weakened (see Fig. 2b). Its intensity is only about 1/10 of 
that of the YAG:Ce phosphor. After the calcination procedure, 
the Y-Al-Cr-compound decomposes and forms the YAG:Cr 
phase. According to the diffraction pattern shown in Fig. 2c, 
the YAG crystalline phase can be obtained after the heat 
treatment. All diffraction peaks shown in Fig. 2c can be indexed 
as YAG crystalline structure diffraction peaks, no other peaks 
can be detected. YAG:Ce/YAG:Cr particles were thereby accom- 
plished. The result shown in Fig. 2 is in excellent accordance 
with the data exhibited in Fig. 1. 

Fig. 3 shows the excitation-emission spectra of different 
phosphors. Fig. 3a shows the excitation-emission spectra of 
YAG:Ce and YAG:Cr phosphors. It can be seen from the spectra 
that the YAG:Ce phosphor can achieve the best emission 
efficiency at the excitation wavelength of 460 nm. Its main 
emission peak ranges from 500 to 600 nm, which is consistent 
with the typical emission spectra of the Ce** ion (5d-4f transition) in 
the YAG matrix. The YAG:Cr phosphor can be sufficiently excited 
at the excitation wavelength of around 438 nm. Its main emission 
peak ranges around 700 nm, which is consistent with the typical 
emission spectra of the Cr** ion (*T-’A transition) in the 
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Fig. 3 Excitation-emission spectra of different phosphors, (a) YAG:Ce 
and YAG:Cr phosphors, (b) YAG:Ce/YAG:Cr encapsulation particles with 
different core-shell dimension scales. 


YAG matrix.”*”? Fig. 3b shows the excitation-emission spectra 
of YAG:Ce/YAG:Cr particles. It can be seen from the spectra that 
the encapsulated particles exhibit both excitation-emission 
behaviors of YAG:Cr and YAG:Ce. Besides, the emission peak 
intensity of YAG:Cr at around 700 nm can be adjusted according 
to the variation of the core-shell dimension scale. With the 
increase of the YAG:Cr layer, the intensity of the emission peak 
at around 700 nm rises significantly. At the same time, we can 
see from Fig. 3 that the excitation spectra overlap with the 
emission spectra of YAG:Ce. It indicates that the YAG:Cr layer 
can be excited by both the excitation source and the emission 
photons of YAG:Ce, this phenomenon was also proved by Wang, 
etc. in a Cr and Ce codoped YAG phosphor in 2008.”* Photons 
emitted by Ce** can be absorbed by the Cr** ion immediately 
since this process can happen within a unit cell in an activator 
co-doped phosphor. As to the core shell structure phosphor, this 
process is very much delayed, the photons emitted by Ce** need to 
transmit to the YAG:Cr layer to interact with Cr** ions. With the 
variation of the core-shell dimension scale, the relative emission 
intensity between 700 nm and 560 nm can also be adjusted. As the 
thickness of the YAG:Cr layer increases, the YAG:Ce core will be 
further shielded from receiving excitation photons. Its emission 
photons are thereby decreased. At the same time, during its outgoing 
process, photons emitted from the YAG:Ce core will be further 
absorbed by increasing the YAG:Cr layer. The overall emission 
spectra of the core-shell phosphor are thereby adjusted with the 
variation of the core-shell dimension scale. 

A schematic illustration of the emission process of the as 
prepared YAG:Ce/YAG:Cr encapsulation particles is shown in 
Fig. 4. After the formation of the encapsulation particles, under 
the excitation of photons with a wavelength of 433 nm, the 


Fig. 4 Schematic illustration of the emission process of the as prepared 
YAG:Ce/YAG:Cr encapsulation particles. 
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Fig.5 Different approaches to enrich the spectra of phosphors. 


encapsulation particles can emit photons with wavelength 
ranges from 500 to 750 nm. Based on the experiment and 
explanation above, we can conclude that the emitted photons 
include three parts: clearly, two portions of the integral spectra 
are from the emission photons of YAG:Cr and YAG:Ce, respec- 
tively. Moreover, a third portion of the integral spectra is of the 
emission photons of YAG:Cr excited by the emission photons of 
the YAG:Ce core. 

The method demonstrated in this work provides a transition 
solution for phosphor spectra designation between activator 
co-doped phosphors and blended monochromatic phosphors 
(see Fig. 5). It can avoid the unprofitable interaction between 
different activators in the same confined crystalline structure. 
At the same time, it can offer better spectra uniformity than 
blended single phase phosphors. Each activator can be accom- 
modated in its particular crystalline structure at its maximal 
concentration. The variation of the matrix material can offer 
the possibility to accommodate more activators in different 
crystal fields and further enrich its spectra. 


Conclusions 


The YAG:Ce/YAG:Cr encapsulation structure can be prepared via 
the urea homogeneous precipitation method using the YAG:Ce 
spherical core as the introduced second phase. As prepared 
YAG:Ce/YAG:Cr particles can emit a broad range of photons 
with wavelengths from 500 to 750 nm. The method accomplished 
in this work can significantly improve the exploration of full 
spectrum luminescent powder synthesis and spectra designation. 
Besides, spatially separated luminescence centers in the micro- 
meter range can offer considerable uniformity while avoiding 
the mutual interaction of co-doped luminescence centers in the 
same confined crystalline structure. Individual mediation on each 
component of the core-shell structure can be easily accomplished 
by varying its core-shell dimension scale and the luminescence 
centers’ concentration. The method presented in this work can 
provide a new approach for phosphor synthesis and spectra 
integration. Several material systems such as oxides, aluminates, 
etc., can be prepared according to the implementation of this 
method. 
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